Semiclassics with 't Hooft flux and 
confinement of 4d gauge theories 


Yuya Tanizaki (Yukawa institute, Kyoto) 


with Mithat Unsal (NCSU) 
based on 2201.06166[hep-th], 2205.1 1339[hep-th] 


Introduction 


Coal of thio talk is to DERIVE 
eo. Confinement of 4d. SUCA) Yanmg- Mills theory, | 


» GË zl effective Lagrangi an fa QCD , 


with SEMICLASSICAL methods. 


n a CA LCULABLE setup 


However con nemert seems 1o be a. strong 7 coupling, physics. 


UJ A nd Can We ex pect that po ssi DUE. 


Volume independence 
Eguchi, Kawai 2) > In the layo-N limit, 
SUCK) YM theory on E 
= Suw) YM theey on T 


as long Ga the. centen Symmetry [s un broken | 


Decon fine ment 
econ tin SÉ Confinement phase 
size of Tt 
weak - coupling SS 


description Volume independence Lë larga N) 


Adiabatic Continuity to Weak - Couplings, 


Wed like to achieve: 


Confinement phase 
VIDI Size of compactified 
spacetime 


l rese e 
T O pai 
e a Or tpg eld. 


connected, 


cf. . Twisted Eguchi - Kawai mode. | C Gonzalez - Arroyo , Okawa ) 


‘Double - trace. deforma YA PAKA d "— 
e YM theory w/ adjoint E. n S de " mE SS ) 


Conjecture (YT, Onsal , 92.) 


YM, (QCD on RT. 


d Los YM, QCD on E 


LL Adiabatic 
LI IN" 
Strong S coupling s 
SS 
Weak — coupling. description 


vie. | Centen Vortices 


Supporting evidence 


For small RT A "€ Hee) fle, 


we Cm use 


I+ pe dicte 


[YA theoy)| Ex(6) ~ -4 (AL)? cos ( 


. g-2nk 
rol SYM) OU» ~ A ei 7S 


e QCD w/ Pan" commuting. 


the Dilute Gas A pproximetion as centen vortices. 


—9xk 
punt) ed 


C 
"sg Discrete chira SSB) 


a (198m 4 
Y) k ane N c 
Favor twist eei Cha (v) aV)» | 


: oe Pa ll "HA ; e sf 


d mass consistent with 


Witten- Veneziano EE € 


Plan 


e Introduction 
— Confinement X adiabatic continuity 


— Our conjectung 


with t Dess T Flux 


2 . 
compac hi f icati on 


Centen watex & confinement yM tesy 


Mu - b reme structing of confinement ` vacua 


7 t Hoof t flux Ta @CD 
U(De magne Fic Fu 


— Derivation of chiral effective Lag Fam s 


t Hoo twisted boundary condition m T? 3(x,#) 


AASL. e — 
| (ot) CL,L) tuc) 


d (x, 4) ‘ adjoint matten Dell = \ 
N = 
j (L, 4) — Ad CR ) d ( O, 4.) AAO $500) @(0,0) 


ec 
he Šo) AIS, 0) ECO) 


d(x Lis AIS &)) d, 0) a (ek 


Unigueness of the mitin wayehwction reguires = 
a Ht. 
Ko 310) = 34D 9.0) e" ," 


4 Hooft flux. 
(* When Fundamental matters exist. the condition becomes ) 


TH) KG e 2,02 9.05) | 


C lesion? configuration amd. unbroken center symmetry 


d =O gieo tho elne5ical). Vacuum ain "ET 


=> We can take a gone so Hut Qua = O 


Ho Ween Po |y akov loops are forced to be awtsu for 
He t Hooft twist : (0x71) 

o | 

l © ` (o) 


"^ Bes | > 3«(G) 
+ = ec ( E po (w= e ) ^ 


( S,C e SUN) ad SC e CHA e) 


=> hk = > j Py = C : 
Tho (S He configuration . (#(P)- O ete. ) 


Rerturbative analysis Æ SUCN) YM on R ST" ul € Hooft Flax, 
. Zn X VAN Centen symmetry is umbroken. 


e JA gluons ang gapped . 


= Polyakov oopen along TË are ad joint Hige» Sieldo Je R? 
Ps = KN Pe = C gives 


7 


sut) AES Zy 


Weak- coupling analysis ix.” Sree Srom LR divergences. 


Howeven, Wilson loops inside. IR cbe: imeten laws. 


NY 
We hwe to resolve Huo problem 
fe achieve achiabatic continuity. => Center vortex 


Center vortex A X ee instanton on Bet 


R 2 
In this setup 7 the tired] topological classe is given by T 
top 87 N 4 Hooft flux Nag 
( More precisely , em c + po) + ZZ. (yan Baal #2)) 


It there. exists a self ~ dual) configuration r ns MN Hills action becomes 


en? - se 
Syn = "e [Qtep | = $.N 


Gonzalez “Arroyo , Montero 48 , Montero 4 numerically conFirmed such a eege H solution ande: 
a Center vortex 
à or Srachmall instanton. 


Qip = D 
e P M" 
o? YM” FN 
IN 


(dt. Gorcin Perez, Gomaka- Arroyo, 32, Iku 18) 


Dilute gas oppro ximation 


2d gluon field s are. perten batively 3a pped by € Hooft twist. 
=> Center vortex , er Prou: instanton j does N OT have the size moduli. 


= Di lute gas a [prs kination is e vc [abl e. 
(x I, A pes YM, DIGA Is invalidated because of LR divergences. ) 


2 
IR 
n: We of vortices 
n: X ok anti- vortices 


n-n 
Gp = y 


Parti ton funcion on 


Ma x T X O - dependence 
— IR? 

Te make the computation well- deJineol we compactify R? to some closed 2 - manifold Ns. 
Using Hu 1- - Joop vertex of n centen vortex 


e 
UPS EIE 


we. have / LS SEN 
n BE On 
ZLo) —1 KM ESATA eet (vV KE TN N ) 
n,n20 n! n: /— dg 
- E appv Cox e (Sëll 
x EL0) : 


Ground-state energ y densities 
gro und states 


ei CN-9? 
e ` N- branch structure of Ex 


kO kel k-2 


> 
© Each branch has a Fractional O- dependence. De, 


-6R AN -MM o ar n 6n 


Anomaly matching T^ 4d aud ZA 


44. SULN) YA theory has an a Hooft anoma ly : ( Gaistte, Kapustin , Konargedski 3 Sei beng 1 7) 


i A (BAB 
L 
eg Le] = -- m ENNA 
=> Confine ment implies the multi- branch structure of Va Cua. 
uj C D) s 
With SES compacti fication , (Za Ja splits ER ( 28), X Zn. " SS 
When & Hooft Flux WEI? Cmod N) is introoluced , He. LA anomaly becomes 


l EE T 
ons tas AA | = pnis mJAAK) Ze LB A M] 


= N =| es, eciall when Nag =| ) 
= When gcd (nis, ) ( P 4 e c£. YU Misumi, Sakai, Ke 


confinement implies the mah branch structure , ( Yamazaki 17, 
SE ee 


Kä 
Bath properties are obtained by the center vortex. 


Hamiltonian picture 


Using. the dilute gas approximation ef Ho. YH path integral , we. obtain 


e N- branch structure ef vacua 


E -27k 
° Fractional 0- depen dence Ep (8) ^3 Az CAL)? or) (E7 ) 


x Confinement of Wilson loops for non-trivial. N-alihes . 
le get a. betten understanding» F 


let us construct the wave - Sunction of these confining 


vacua. 
Setup 
Xime R 2 | 
| [ ] x G2 — | X E x Be x Sa 
ji TOME quip 
“space, aga Rime laga small, rige = 4 


Cet. Yamazaki , Yone kura 17 : La, Lg «Le (EN') w/ Na? 1) 


Portur bat ive. VecCuQ 


no ha olonomi 
We " ve three — holonomies C Polyakov loops along Sh, xm Si ) UP P SCH 


t Hooft flux Nge = ^ : Classteal. Vacuum Fgc- O gives 


paso dee dX 


le wh Abt o Juge Bue sept, > Clamal wea Lag [c are 


Ph Pe = Pa Pa, Palo = Rhea. 
2T m 
3 bz ef 1 (ms 0,1,-- 5 N-L), 


C lassi call 7 ZW certon symmetry fa Pa is spontaneously broken 


and we ae N degenerate vacua. 
an 


imo * loe) m> = eT” [m> 


Tunneling. ampli tucle Vie center vortex 
Im) > 


Aer 
Pa ~ en (m4! ) 


Riime 


center vedex = Tunneling from Im> to Ime» 


Within He one — centen— vortex approximation , 
^ 
ER ( e -ig 
SS dam + EE La ° Ke Ve Leg em T e j Sn, m-l ) 


tunneling via tunneling via 
No tunneling TSM dudhé) WE" — ics 


^ 
Especially 7 Im» is not am eigenstala of H ym. 


Eigen state of exp T Â YH ) and confining Vacuq 
Let US considen Ho following wave function 
^ N-I , 
| — 27i 
2> = — M Rm 
Pe i.e ub 
This IS am eigenstate of exp (-T H YA ) ' 


pali» ) D ? 


^ 

-TA 
= e» £m |n» <n] e. YM ER | 
eX 


dii VS TEA ke oN (gi? Än, met «él 5. " 


^ exp | -T La’ (- 2k e a(S 215) OR LE 
= Ecce) 
= Ik? ate fhe wave dunction of conJining vacua de R? X T 


1 4 Hecht TP 


Plan 


e Introduction 
— Confinement X adiabatic continuity 
— Our cenjectune 


e T k compac tification with ^4 Hott Flug 
— Centen watex & confinement 
— Mu - branch ` structa of confinement ` vacua 


Hooft flux To @CD 


U(De magne Fic Els QC D 


Derivation of chiral effective Las Fam dA t» 


^t Hooft fiy with Fundamental quanks 


We have seen that 


Semiclassical) theory wé cente. yortices 


=> Corfinement vacua of YM theory. 


Next, we would like + apply tis iden +n 


Clim effective Lagmugsan of ACN| 


Obstacle © We cannot introduce He E Hooft flux 
yen Fundamental matters exist. 


Ug vs Us 


Ba yyon num bens = 2uank numbens 
N 


ie. Uli), = U (i, / SCH 
let us denote UWs, UA = gonge kell) ao As, Ag : 
| — 
Tig = S 
$ 


(€ De, 3l = Age dy wd. x E HI) 


paaa ` Weg pac relation looks *s be problematic when we. consiclon monopoles ` 
Tg wk © Se Ais = 2. (e ere T) 


OQ. mm p M AB TIN uci. 3 


dont match.. s 
Ui), monopole violates Dirac qn 


U Cl), monopole flux X t Hooft Flux on KR 


949) 
= me” YO) 


a $900 
$C) O N ap (0) 


color “transition UUR- transition 
pi functions functions 
Cocyc le Co ndiHon 


Dt d, * o 
FL) 3,0) © deeg gia Dn) +4009) 


U CUg 


monopole f lux 


m= is JAg = (&0)-4&0)-— (&0- 4,(0) ) 


3 FU) = O iole 


(ef. YT, 18) 
4 Host Flux !! 


Por turbat ive spectrum 


ëlo Seo. si. Gk YA ade RET af. Gt Se 


Field | 


Sen 
> Zn ge 
Quark Fello ` Solve the Dirac 2ero- mele ez. 
C9, e id As: ) © Y (Oei As) | P a6 
> Fa who 4A dedasehl Pine Fermin, 


do is a 2A massless Dirac Ser mion. 


= Ng - ewn massless @CD, we. have 2d Ng Dirac fermions 


ONT UUs), W2W model dra nd 0) + recaen] 
bosonization vi UCNs)-valued Field w: Ms UNS). 


/ 

Centen — vortex ke Ai mass Toy 1 
Ee 
Let us construct the  cenfen- yorlex vertex ~ EP IN "Ir 


UC) axial anomaly Yequures Ha spurious symmetry 


P e p ap > PevTs F aa G+2N3d_ 
p Ho hosonized description 
U => d E 
Sri e 1 
=> > wt tN 
> © WN (4 U)N satisfies 
è SUCI). X SUCHS Je BER) symmetry P 


VO) arial anomaly relxhov 


na Gaz) — O 
2 3 ` 1 — 
SSC A Sakimin di A CA L) taro ECL M 


W mass 


SUMMARY 
YM, QCD on RAT e YM, acD on R? 
— —_—— 


vi € Hooft flux Adiabatic 
MO erg M ^ 
Semiclassics w/ centen vortices Cont inutty 


A -9rk 
[CYM theory )| Ek (6) ~ - A (AL)? ces ka (Huti- branch vacua) 


. g-2nxt 
“(Wel SYM) — CGU)» ~ A ei "S 


Strong = couplings 


€ 
"ag Discrete chiral SSB) 


e d C w Non” Comm 1 6- ank 
/ E ec ) Y $ E 
avo" wist Ne= Ne sp) < c cj >») N | 4 


o (acd wi E ; | nat 
E. monopde Sur ) Sees ge Uu tng BU) ) + X top (iL. det U` 8) 


d mass trom 


Witten- Veneziano Svinte 


